Approximately 90% of the human population is righthanded and the corresponding left-hemisphere specialization for manual control is thought to have contributed to the evolution of several species-typical characteristics including language and other higher-order cognitive processes. Because of the presumed importance of hemispheric specialization, a great deal of attention has been paid to understanding proximate factors associated with lateral asymmetries and the reduced incidence of left-handedness. In recent years considerable evidence has emerged suggesting a relationship between stress reactivity and lateral asymmetries. For example, research with young rhesus monkeys indicates that high levels of circulating cortisol are associated with fearful behavior and high right-frontal activity (Kalin et al. 1998 ). This finding is consistent with results from human studies showing a preferential role for the right-hemisphere in emotion-induced cortisol release (Wittling and Pfluger 1990 ; also see Henry 1993) and further supports the view that neonatal stress and its physiological consequences influence the emergence of hemispheric specialization.
The steroid hormone testosterone has been linked to left-handedness in humans Galaburda 1985a, 1985b; Witelson 1991) , generating considerable controversy about processes that underlie this relationship. One perspective holds that high levels of testosterone in utero are associated with left-handedness, ambidexterity, and reduced cerebral dominance. In this view high testosterone inhibits cortical development in certain regions of the left hemisphere while promoting development in corresponding regions in the right hemisphere Galaburda 1985a, 1985b) . A competing perspective is that low prenatal levels of testosterone contribute to the development of left-handedness and reduced functional asymmetry by reducing the probability of cell death and axon elimination in the temporo-parietal region (Witelson 1991) . Witelson based this hypothesis on handedness-related differences in the corpus callo-sum and reports of a disproportionately high incidence of non-right-handedness among homosexuals (Lindesay 1987; McCormick et al. 1990 ). More recent empirical research with human adults has shown that left-handers have lower salivary testosterone than do their righthanded counterparts (Moffat and Hampson 1996) , demonstrating a systematic handedness-related difference in bioactive testosterone concentrations consistent with Witelson's (1991) view.
Lateralized behavior and corresponding morphological asymmetries have been noted in numerous primate species, indicating that primate laterality is phylogenetically widespread (Bradshaw and Rogers 1993; MacNeilage et al. 1987 ; also see Warren 1980) . Several studies in this area have focused on the behavior of the rhesus monkey ( Macaca mulatta ), a primate species widely used to model human psychobiological processes (Schneider and Suomi 1992; Westergaard et al. 1997 Westergaard et al. , 1998 . Rhesus monkeys share approximately 90-94% of their genetic material with humans and it is likely that this high level of genetic similarity largely accounts for compelling parallels between the two species in terms of morphology, physiology, and expression of complex behavior (Ciochon and Fleagle 1985; Fleagle 1986 ). Group-level age-based differences in the direction of rhesus handedness have been found in laboratory research showing left-hand bias in young-adult animals and right-hand bias in geriatric animals (Westergaard and Lussier 1999) . Research with nursery-reared rhesus monkeys has shown that left-hand bias emerges prior to one year of age (Westergaard et al. 1997) and that plasma cortisol levels are positively associated with the frequency of right-versus left-hand use during the latter half of the first postnatal year (Westergaard, unpublished observation) . In addition, Drea et al. (1995) have found greater strength of hand preference (independent of direction) in rhesus monkeys with high levels of neonatal testosterone, suggesting a broad influence of the CNS-pituitary-testicular axis on brain asymmetries and providing evidence consistent with testosterone-influenced brain differentiation.
In the present research we examined relationships among cortisol, testosterone, and handedness in freeranging rhesus macaques. We tested the hypothesis that differences in hormone functioning are correlated with hemispheric specialization and manifested by a positive correlation between cortisol and testosterone levels and the frequency of right-versus left-hand use. We sampled cortisol and testosterone from adolescents aged between 1 and 5 years, and we subsequently recorded hand preferences from these same animals as adults aged between 8 and 12 years. To the best of our knowledge this is the first study to examine hormonal correlates of handedness in free-ranging primates. The research described in this report evaluated the relationship among cortisol, testosterone, and handedness in nonhuman primates in order to extend our knowledge of hemispheric specialization and manual laterality in humans.
METHODS

Subjects
The research subjects were 34 male rhesus macaques ( Macaca mulatta ). The study subjects belong to a colony of 4000 free-ranging monkeys that reside on a 475-acre South Carolina barrier island. At the time of subject selection the population was organized into 35 social groups with an approximate ratio of 2.5 adult females to each adult male. Subjects were selected for physiological sampling when they were juveniles and adolescents, aged 13-59 months (mean age at physiological sampling ϭ 34 months). These same subjects were selected for hand preference sampling when they were adults, aged 98-147 months (mean age at hand preference sampling ϭ 127 months).
Physiological Sampling
We obtained physiological data from subjects that were trapped in baited corrals (diameter of each corral ϭ 10-25 m, height of corral walls ϭ 4 m). On the first day of a 5-day trapping period, corral feeders were baited with food and then the corral doors were closed. Monkeys voluntarily jumped from the top of the walls down into the corrals to obtain the food, but were unable to escape because they could not jump over the high walls. Following capture, subjects were anesthetized using ketamine hydrochloride (10 mg/kg) and weighed on a commercial scale accurate to within 0.25 kg. A blood sample was then immediately obtained from each subject via venipuncture and placed on ice. The blood was subsequently centrifuged and the plasma frozen and stored at a temperature of Ϫ 70 Њ C. Samples were assayed for cortisol, testosterone, and adrenocorticotropic hormone (ACTH) by a commercial laboratory using radioimmunoassay. To control for possible confounding influences on hormonal values we recorded the number of minutes elapsed from when the technicians initially entered the corral to when the blood sample was obtained. Time of day was also recorded for each sample. Cortisol samples were available for each of the 34 subjects. Testosterone and ACTH samples were available for 32 subjects. Prior to release each subject was tattooed and marked with dye and fitted with a radio transmitter collar to facilitate field identification and tracking.
Hand Preference Sampling
We evoked quadrupedal reaching by throwing corn in the vicinity of a focal subject's social group. The subject moved to the location to pick up the food. An observer blind to the physiological data and the specific hypotheses of this investigation recorded the hand (left or right) that the subject used to retrieve food. We counted a trial only when a subject maintained both hind limbs and one fore limb on the ground while reaching. To ensure independence between data points, we required subjects to move to the food site before each new reach to ensure postural repositioning. If locomotion did not occur before an animal picked up a food item we did not consider the reach in the tally. We conducted 50 trials per subject over a 6-month period.
To establish inter-observer reliability two observers conducted simultaneous observations at the beginning of the study, the midpoint, and the end of the study. During these sessions both observers concurrently scored the same subject for a 15-min period. We combined these scores in an overall reliability test of the events scored. The reliability of all recorded acts was shown by Cohen's kappa values greater than 0.90. Both observers were blind to all physiological data and to the specific hypotheses under investigation.
Data Analysis
We used two measures to characterize hand preference. We first calculated a handedness index (HI) score for each subject using the formula [(R Ϫ L)/(R ϩ L)] where R ϭ the frequency of right-hand responses and L ϭ the frequency of left-hand responses. This measure quantifies lateral bias along a continuum from strongly lefthanded to strongly right-handed. Positive values indicate a bias toward use of the right hand, and negative values indicate a bias toward use of the left hand. We then used the absolute value of each subject's handedness index score (ABS-HI) to characterize hand preference strength independent of direction. Thus, a subject with an HI score of ϩ .85 would have the same ABS-HI score as would a subject with an HI score of Ϫ .85. This procedure is similar to that which has been used in studies of laterality using human infants as subjects (e.g., Harris and Carlson 1993) . We used multiple regression analysis (with age at physiological sampling and age at hand preference sampling held statistically constant) to examine the direction and degree of associations among HI and ABS-HI scores and levels of plasma cortisol, testosterone, and ACTH. We also conducted linear analysis (Pearson r ) to evaluate relationships between HI and ABS-HI scores and absolute hormone levels. (It must be noted that age at physiological sampling and age at hand preference sampling were not statistically controlled for in these analyses). We set alpha at .05, two-tailed, for all analyses.
To determine whether hormonal levels were continuously related to handedness index measures or whether effects were primarily due to differences in extreme-high or extreme-low subgroups, we next used between-groups analysis to examine differences in handedness between subjects assigned to low, middle, and high cortisol, testosterone, and ACTH groups. Subjects in the upper quartile of the sample were categorized in the high group, subjects in the second and third quartiles were categorized in the middle group, and subjects in the lower quartile were categorized in the low group. We conducted analysis of variance (ANOVA) and post-hoc tests where appropriate to determine the extent to which the two extreme groups differed from each other and from the middle group. We conducted this analysis on both HI and ABS-HI scores.
RESULTS
Examination of Hand Preference Data
Examination of handedness index (HI) data indicated that 18 animals (53% of the subject sample) exhibited a positive HI score (indicative of right-hand bias) and 16 animals (47% of the subject sample) exhibited a negative HI score (indicative of left-hand bias). A singlesample t -test indicated that the mean HI score per subject ( Ϫ .10) did not differ significantly from a null hypothesis distribution with a mean of 0, indicating a lack of population-level bias in the direction of hand preference in adult rhesus macaques ( t (33) ϭ 1.40, p Ͼ .17). Regarding the relationship between hand preference direction and strength, we noted a significant negative correlation between HI and ABS-HI scores indicating that left-hand biased animals exhibited greater strength of preference than did right-hand biased animals (Pearson r (32) ϭ Ϫ .70, p Ͻ .0001).
Relationship between Hand Preference and Cortisol
Multiple regression analysis indicated a significant positive relation between plasma cortisol levels and HI scores ( t (3/31) ϭ 2.62 p р .02; see Figure 1 ) and a significant negative relation between plasma cortisol levels and ABS-HI scores ( t (3/33) ϭ Ϫ 2.31, p Ͻ .03). Linear analysis indicated a significant positive correlation between HI scores and plasma cortisol levels ( r (32) ϭ .42, p Ͻ .02) and a near-significant negative correlation between ABS-HI scores and plasma cortisol levels ( r (32) ϭ Ϫ .32, p Ͻ .07). Analysis of extreme-score groups indicated a significant main effect of cortisol group on HI scores (F (2/31) ϭ 6.31, p р .005). Post hoc comparisons (Fischer's Protected Least Significant Difference test) revealed a significantly lower mean HI score for the low cortisol group ( Ϫ .52) than for the middle and high cortisol groups (.02 and .03, respectively), which did not differ significantly from each other ( p ϭ .05). Further analysis indicated a group-level left-hand bias among animals in the low cortisol group (single-sample t -test, t (7) ϭ 3.89, p Ͻ .006). Animals in the middle and high extreme groups did not show a significant group-level bias toward either the left or right hand (for the middle cortisol group, t (17) ϭ .19; for the high cortisol group, t (7) ϭ .29). Extreme-groups analysis of data reflecting strength of handedness indicated no significant main effect of cortisol group on ABS-HI scores (F (2/31) ϭ 2.50).
Relationship between Hand Preference and Testosterone
Multiple regression analysis indicated a significant positive relation between plasma testosterone levels and HI scores ( t (3/31) ϭ 2.16, p р .04; see Figure 2 ) and a non-significant negative relation between plasma testosterone levels and ABS-HI scores ( t (3/31) ϭ 1.28). It must be noted that plasma testosterone levels were not significantly correlated with plasma cortisol levels ( r (30) ϭ .21, p Ͼ .25). Linear analysis indicated a significant positive correlation between HI scores and plasma testosterone levels ( r (30) ϭ .39, p Ͻ .03) and a non-significant negative correlation between ABS-HI scores and plasma testosterone levels ( r (30) ϭ Ϫ .24, p Ͻ .20). Analysis of extreme-score groups indicated a significant main effect of testosterone group on HI scores (F (2/29) ϭ 3.90, p р .04). Post hoc comparisons (Fischer's Protected Least Significant Difference test) revealed a significantly lower mean HI score for the low testosterone group ( Ϫ .34) than for the high testosterone group (.20; p р .05). The mean HI score for the middle testosterone group (Ϫ.10) did not differ significantly from either the low or high testosterone groups. Further analysis indicated that animals in the low and middle testosterone groups did not show a significant grouplevel bias toward either the left or right hand (for the low testosterone group, t (7) ϭ 2.11; for the middle testosterone group, t (15) ϭ 1.01); for the high cortisol group, t (7) ϭ .38). Animals in the high cortisol group exhibited a group-level right-hand bias (t (7) ϭ 2.79, p Ͻ .03). Extreme-groups analysis of data reflecting strength of handedness indicated no significant main effect of testosterone group on ABS-HI scores (F 2/29) ϭ 1.20).
Relationship between Hand Preference and ACTH
Multiple regression analysis indicated no significant relation between levels of plasma ACTH sampled at adolescence and HI or ABS-HI scores sampled during adulthood (t (3, 31) ϭ .35 and 1.07, respectively). Extreme-groups analysis indicated no significant main effect of testosterone group on HI or ABS-HI scores (F (2, 29) ϭ .04 and .20, respectively). 
DISCUSSION
The results of this study demonstrate significant relationships between handedness and levels of plasma cortisol and testosterone in free-ranging rhesus macaques. Specifically, we noted significant positive correlations between levels of plasma cortisol and testosterone sampled during the juvenile and adolescent periods and lateral bias toward greater use of the right versus left hand sampled during adulthood. It must be noted that these findings do not confirm an etiological relationship among cortisol, testosterone, and the emergence of lateral bias. We cannot draw such a conclusion because we lack an early measure of lateral bias in our subjects. However, our data do provide evidence consistent with theories espousing a relationship between hormones and lateralization (see Galaburda 1985a, 1985b; Moffat and Hampson 1996) by indicating that hormonal functioning during adolescence is correlated with interindividual differences in the frequency of right-versus left-hand use in adulthood. It must also be noted that we found a significant negative correlation between cortisol and strength of lateral bias (independent of direction). This finding is of interest in view of research indicating that mixed handedness occurs at a higher rate in post-traumatic stress disorder patients than in experimental controls, suggesting that hemispheric lateralization is relevant to the pathophysiology of this disorder (Spivak et al. 1998 ).
When we conducted extreme-groups analysis on our cortisol data it became apparent that differences in the direction of hand preference were due primarily to the behavior of subjects in the low cortisol group as these animals were more biased toward use of their left hand than were animals in the middle or high cortisol groups. A different pattern emerged when we conducted extreme-groups analysis on our testosterone data as we noted a more continuous relationship between hemispheric specialization and levels of the male sex hormone. An important issue that remains to be resolved is whether interindividual differences in cortisol and testosterone levels are maintained across different stages of development even though absolute concentrations may vary considerably over time. In other words, can we accurately infer that extreme cortisol and testosterone concentrations during the juvenile and adolescent periods were produced by extreme hormonal concentrations in utero? The relevant studies to demonstrate this level of developmental continuity have yet to be undertaken, although it is known that levels of cortisol and testosterone remain stable over shorter periods of time and that there is a significant genetic contribution to hormonal production rates in adulthood, therefore making it reasonable to assume that interindividual differences in the concentrations of these hormones remain stable across different lifespan periods (Moffat and Hampson 1996) .
One concern of this study is that we do not have a measure of hand preference prior to adolescence, which would allow us to more fully evaluate whether adolescent differences in hormone levels are causally related to adult hand preference or correlated with some third, and as yet, undefined variable. A second concern is whether the single measure of hand preference taken in this study reflects a stable trait in the subjects or whether the hand preference measure correlates with some aspect of competitive foraging (see Fagot et al. 1991 ) which in turn is associated with plasma hormone levels. At present we are addressing these concerns in a prospective study of free-ranging rhesus (using both males and females) in which we collect multiple measures of hand preference and plasma hormone levels beginning relatively early in life (at 2 years of age) and continuing into adulthood.
